To facilitate mode of action studies on antibacterial inhibitors of early-stage cell wall biosynthesis (CWB), we determined the transcriptional response of Staphylococcus aureus to depletion/inhibition of enzymes in this pathway by DNA microarray analysis. We identified a transcriptional signature distinct from that previously observed following exposure to inhibitors of late-stage CWB.
To facilitate mode of action studies on antibacterial inhibitors of early-stage cell wall biosynthesis (CWB), we determined the transcriptional response of Staphylococcus aureus to depletion/inhibition of enzymes in this pathway by DNA microarray analysis. We identified a transcriptional signature distinct from that previously observed following exposure to inhibitors of late-stage CWB.
Defining the mode of action (MOA) of a new antibacterial agent is essential for guiding the further development process, including optimization of structure-activity relationships (3, 11) . Transcriptional profiling using DNA microarrays has emerged as a powerful technique for MOA studies, since it can provide a genome-wide overview of the cellular response to antibacterial inhibitors at the level of transcription (3, 4, 11) . By analyzing the genes deregulated following exposure to a novel antimicrobial, the MOA can be predicted by comparison with profiles obtained with established antibiotics with known MOAs (3, 4, 11) .
Cell wall biosynthesis (CWB) is an important target for antibiotic action in Staphylococcus aureus (12) . Substantial efforts have been directed toward the discovery of antibacterial inhibitors of early-stage CWB, mediated by the Mur enzymes (1, 2, 12) (Fig. 1 ). This portion of the pathway, also called stage I or the cytoplasmic stage of peptidoglycan synthesis (12) , remains largely unexploited as a target for antibacterial chemotherapy (2, 12) . To assist analysis of novel candidate anti-CWB inhibitors and to build on earlier studies that have identified transcriptional responses to antibiotics targeting the later stages of CWB (e.g., vancomycin, oxacillin) (7, 14) , we sought to establish a universal transcriptional signature of S. aureus following inhibition of stage I CWB.
Unfortunately, there is a lack of characterized control inhibitors that specifically inhibit this stage of the pathway. Of the Mur enzyme inhibitors reported in the literature, only fosfomycin unequivocally mediates antibacterial activity specifically through inhibition of this portion of the pathway by interfering with the function of the UDP-N-acetylglucosamine enolpyruvyl transferase isoenzymes, MurA and MurZ (12) . To circumvent this problem, in addition to using fosfomycin as a test inhibitor, we also employed genetic and posttranslational challenge to specifically inhibit/deplete the cell of other individual enzymes active in early-stage CWB (MurB and MurE).
S. aureus RN4220 and derivatives were used throughout this study. Strain TS2557 (8) carries a temperature-sensitive mutation in murB. S. aureus CYL368 (5) has been engineered to place murE under the control of the P spac promoter, rendering expression of this gene conditional upon the presence of isopropyl-␤-D-1-thiogalactopyranoside (IPTG). Since strain CYL368 required the presence of tetracycline in the growth medium to ensure maintenance of the lacI repressor plasmid (pMJ8246), pMJ8246 was also introduced into S. aureus RN4220 to enable both conditional and control strains to be cultured under identical conditions in the presence of tetracycline. Strains were cultured in tryptone soya broth (TSB) with aeration. Conditional mutants were cultured under conditions that resulted in ca. 80% inhibition of growth in the mutant relative to the wild type, while drug-treated cultures were exposed to a concentration of antibiotic causing ca. 25% reduction in growth relative to untreated cultures after 40 min (3). Cells were harvested by adding 2 volumes of RNAprotect solution (Qiagen) directly to the culture and then processed according to the manufacturer's instructions.
S. aureus CYL368 and RN4220(pMJ8246) were grown over- night at 37°C in the presence of 3 g tetracycline/ml and 0.3 mM IPTG. Cells were harvested, washed extensively to remove IPTG, and resuspended to an optical density at 600 nm (OD 600 ) of 0.05 in fresh broth lacking IPTG. Cultures were then grown at 37°C and harvested at an OD 600 of 0.25. Strains TS2557 and RN4220 were grown overnight at 30°C. Both strains were resuspended to an OD 600 of 0.075 in fresh broth, grown at 42°C, and harvested at an OD 600 of 0.25. Fosfomycin treatment was conducted as follows. An overnight culture of S. aureus RN4220 grown at 37°C was used to inoculate fresh, prewarmed TSB to an OD 600 of ϳ0.02 and grown at 37°C to an OD 600 of 0.1. The culture was split into a Genes deregulated following inhibition/depletion of MurA and MurZ, MurB, MurE, and MurF, but not upon exposure to any inhibitors of stages II and III of CWB, are considered members of the universal transcriptional response to inhibition of stage I and are shown in bold type.
b Only those genes showing Ն2-fold deregulation in the same direction (up-or downregulation) under all three experimental conditions employed in this study (inhibition/depletion of MurA and MurZ, MurB, and MurE) are shown.
c The transcriptional responses of these genes in previous studies (following conditional depletion of MurF ͓13͔ or following inhibition of stages II and III of the CWB pathway ͓10͔) are also shown. U, upregulated; D, downregulated.
d Except in cases where genes are not present or have not been designated in S. aureus N315. In this case, locus tag designations are from S. aureus MW2.
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on October 23, 2017 by guest http://aac.asm.org/ prewarmed flasks, one of which contained fosfomycin (20 g/ ml), and incubation continued for 40 min before harvesting cells. RNA was prepared using the RNA midi kit (Qiagen) from cells treated with lysostaphin. Control RNA and sample RNA were used to make differentially labeled cDNA by reverse transcription in the presence of fluorescent dyes Cy3 and Cy5. Both RNAs were then cohybridized, scanned, and analyzed as previously described (16) . Cultures were grown in triplicate and hybridized in duplicate for a total of six arrays per condition. Microarray feature extraction was undertaken using ImaGene software (BioDiscovery), and the resulting fluorescent intensities were further processed using MAVI Pro software (MWG Biotech). Normalization and statistical analysis were performed using GeneSpring v7.3.1 software (Agilent Technologies). Differentially expressed genes for each condition were identified; these genes had normalized ratios that were Ͼ2-fold up-or downregulated with a P value of Ͻ0.05 by t test with Benjamini and Hochberg false discovery rate correction. Genes subject to the same level of deregulation (Ն2-fold upor downregulated with a P of Ͻ0.05) under all three conditions (inhibition/depletion of MurA or MurZ, MurB, and MurE), were considered members of the transcriptional signature for inhibition of CWB ( Little deregulation was detected in genes encoding enzymes directly involved in CWB or cell wall turnover, with the exception of upregulation of dal (alanine racemase), sgtB (penicillinbinding protein homologue), and downregulation of atl (autolysin) ( Table 1) . No consistent deregulation in expression of the Mur enzymes was observed, suggesting that as for Escherichia coli (9, 15) , expression of genes involved in stage I peptidoglycan synthesis in S. aureus is constitutive, and CWB is unrestricted up to, and including, synthesis of the UDP-MurNAc pentapeptide.
We subsequently obtained a universal transcriptional signature specifically for inhibition of stage I CWB (Table 1) . This was derived from our transcriptional signature for inhibition of CWB by including only those genes similarly deregulated following conditional depletion of MurF in a previous study (13) and subtracting all genes known to be deregulated following exposure to inhibitors of stage II/III CWB (bacitracin, vancomycin, oxacillin, and cefoxitin) (6, 7, 10, 14) (Table 1) . Our results suggest that transcriptional profiling can be employed not only to identify inhibitors of CWB but also to establish whether they act on early or late stages in the biosynthetic pathway.
Microarray data accession number. Fully annotated microarray data have been deposited in BG@Sbase (accession number E-BUGS-71) (http://bugs.sgul.ac.uk/E-BUGS-71) and also ArrayExpress (accession number E-BUGS-71).
